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The World Health Organization’s R&D Blueprint list of priority diseases for 2022 includes Lassa fever,
signifying the need for research and development in emergency contexts. This disease is caused by
the arenavirus Lassa virus (LASV). Being an enveloped virus, LASV should be susceptible to a variety
of microbicidal actives, although empirical data to support this expectation are needed. We evaluated
the virucidal efficacy of sodium hypochlorite, ethanol, a formulated dual quaternary ammonium
compound, an accelerated hydrogen peroxide formulation, and a p-chloro-m-xylenol formulation,
per ASTM E1052-20, against LASV engineered to express green fluorescent protein (GFP). A 10-pL
volume of virus in tripartite soil (bovine serum albumin, tryptone, and mucin) was combined with

50 pL of disinfectant in suspension for 0.5, 1, 5, or 10 min at 20-25 °C. Neutralized test mixtures were
quantified by GFP expression to determine log,, reduction. Remaining material was passaged on Vero
cells to confirm absence of residual infectious virus. Input virus titers of 6.6-8.0 log,, per assay were
completely inactivated by each disinfectant within 1-5 min contact time. The rapid and substantial
inactivation of LASV suggests the utility of these microbicides for mitigating spread of infectious virus
during Lassa fever outbreaks.

The World Health Organization (WHO)’s R&D Blueprint list of priority diseases' comprises a list of diseases
for which .. given their potential to cause a public health emergency and the absence of efficacious drugs and/
or vaccines, there is an urgent need for accelerated research and development...”. One of the listed diseases is
Lassa fever, which is caused by Lassa virus (LASV), an enveloped virus from the Arenaviridae family (genus
Mammarenavirus). This rapidly expanding RNA virus family has been established for a number of genetically
related viruses, including several that, like LASV, frequently cause lethal zoonoses. These include Chapare virus,
Lujo virus, Machupo virus, Junin virus, Guanarito virus, and Sabid virus®.

One of the concerning knowledge gaps for the diseases highlighted in the WHO R&D Blueprint list of priority
diseases, including Lassa fever, is the lack of empirical data for the effectiveness of virucides against the infec-
tious agents that might be used for applications, including air sanitization, skin sanitization, liquid inactivation,
and inanimate surface hygiene’. The few manuscripts that have been published on the inactivation of LASV by
microbicides (acetic acid, formalin, B-propiolactone, and phenol/guanidine thiocyanate) addressed only the
efficacy in rendering laboratory specimens safe for handling within diagnostic and histology laboratories. In
addition, review of this literature® has indicated that the secondary literature sources for efficacy of more com-
monly used surface-hygiene microbicides for inactivating arenaviruses, including LASV, have not supported
efficacy claims with primary literature citations.

Resolving this particular knowledge gap for LASV and many of the other viruses causing priority list diseases
has been limited, in part, due to the need for manipulating such viruses within maximum containment (termed
in Northern America biosafety level 4 [BSL-4]) laboratories. In the present study, we were able to leverage the
BSL-4 laboratory at Public Health Agency of Canada, Winnipeg, MB, Canada, and a LASV engineered* to express
green fluorescent protein (GFP). Using standardized methodologies described in ASTM E-1052-20°, we have
evaluated the virucidal efficacy of commonly used microbicidal actives (sodium hypochlorite and ethanol), and
formulations containing a dual quaternary ammonium compound (QAC), accelerated hydrogen peroxide (AHP),
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and p-chloro-m-xylenol (PCMX) against LASV in suspension in the presence of a tripartite soil load®. Organic
soil loads are used as the challenge matrix to model virus inactivation by microbicides in relevant matrices, such
as human sputum or blood. Use of hard water as diluent for specific actives was included in the study design,
because it is a known antagonist to microbicidal activity and is commonly available in the field’.

In addition to the methodologies in ASTM E-1052-20, our study was made more stringent by decreasing
the volume of the microbicides used during testing and by ruling out the presence of residual infectious LASV
in the post-disinfection/post-neutralization samples through use of a safety test (performed in addition to the
standard quantification of titer reduction). This safety test involved inoculation of 650 pL of undiluted neutralized
test sample onto six-well plates containing Chlorocebus aethiops kidney epithelial (Vero) cells and passaging any
cultures found to be negative for GFP at least twice. This was done to evaluate the virucidal efficacy test for the
possibility of any residual virus being present at levels lower than the limit of detection of the 50% tissue culture
infectious dose (TCIDs,) titration assay performed in Vero cells per the ASTM standard.

Methods

Cell line, virus, and culture medium.  Grivet (Chlorocebus aethiops) kidney epithelial (Vero) cells (Amer-
ican Type Culture Collection [ATCC], Manassas, VA, USA; #CCL-81) were maintained at 37 °C with 5% carbon
dioxide (CO,) in minimum essential medium (MEM; HyClone, Logan, UT, USA) supplemented with 5% heat-
inactivated fetal calf serum (FCS; Gibco, Grand Island, NY, USA) and 10 units per mL penicillin/streptomycin
(pen/strep; Gibco). Lassa virus (Josiah strain) expressing green fluorescent protein (LASV-GFP) was amplified
and used, as previously described®, for all assays. All culture manipulations involving LASV-GFP were per-
formed in a BSL-4 laboratory at the Canadian Science Centre for Human and Animal Health, Winnipeg, MB,
Canada.

Stock virus preparation. A characterized stock of LASV-GFP was prepared by exposing ten T75 flasks of
Vero cells at =~80% confluency at a multiplicity of infection of 0.01 viral particles per cell. At 4 d post-infection,
essentially all cells within the confluent cell monolayers were observed to express GFP. The flasks were then
placed in a freezer at — 70 °C. The frozen flasks were thawed on the following day and the conditioned media was
removed and clarified by low-speed centrifugation (4500 x g) for 10 min. The resulting supernatants were pooled
and layered onto 20% w/v sucrose cushions prepared in Tris-NaCl-EDTA buffer prepared in house. The pooled
supernatants were subjected to centrifugation (=130,000 x g for 2 h), and the viral pellets obtained were resus-
pended in MEM containing 2% FCS and 10 units per mL pen/strep to create virus culture medium (VCM). The
virus pool obtained was aliquoted into small portions that were frozen at —70 °C. The stock virus titer was found
to be>9.2 log,, per mL, as determined by TCIDs, assay, using the method described by Reed and Muench®.

Microbicides. A variety of microbicidal actives or formulations containing microbicidal actives were evalu-
ated for virucidal efficacy against LASV-GFP. The microbicides tested are listed in Table 1, along with sources
and the supplied and tested concentrations.

Assessment of microbicide neutralization by chemical reagents and Amicon columns. Neu-
tralizing reagents or mechanical removal using Amicon filter columns were evaluated for ability to neutralize
the virucidal effects of the microbicides to enable investigation of specific contact times, and/or to mitigate
the cytotoxic effects of the microbicides on the Vero cells used to assay residual virus. The procedures used are
described in Supplemental Materials.

Microbicide virucidal efficacy testing. The LASV-GFP suspension inactivation efficacy testing of the
microbicides (Fig. 1) was conducted at ambient temperature using ASTM E-1052-20°. A modification to the

In test concentration (dilution of
Microbicide Active ingredient Formulation | Source (part number) Concentration supplied (%) | the supplied reagent)
Bleach Sodium hypochlorite (NaOCI) No Imperial Soap and Supplies, LTD. 12 0.5% [5000 ppm] (1:24)
(IMP750-1)
Commercial Alcohols, Inc. .
Ethanol Ethanol (EtOH) No (PO16EA95) 95 67% (2.39:1)
. Dual quaternary ammonium com- National Chemical Laboratories, o (1.
MicroChem plus pound (dual QAC) Yes Inc. (0255) 100 2% (1:50)
PreEmpt (Aﬁfllf)rated hydrogen peroxide Yes Contec (11,305) 100 2.5% (1:40)
0.12% (1:40)
Dettol p-chloro-m-xylenol (PCMX) Yes Reckitt (29 636 6215) 4.8 0.06% (1:80)
0.04% (1:120)

Table 1. Microbicides/microbicidal formulations and concentrations as supplied and as evaluated. The
unformulated microbicidal actives and the formulations tested were prepared in hard water” (prepared as 1 L
deionized water supplemented with 0.4 g calcium carbonate) on the day of assay. The resulting solutions were
inverted to mix and used within 2.5 to 4 h of preparation.
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Figure 1. Schematic representation of the suspension inactivation efficacy testing methodology performed
using neutralization by VCM (minimal essential medium + 2% fetal calf serum + 10 units per mL penicillin/
streptomycin) alone. The entire procedure was performed three times for each microbicide evaluated, in three
technical replicates each, as depicted.

standard method was made to reduce the volume of test microbicide, increasing the stringency of the evaluation.
Stocks of LASV-GFP in tripartite soil load® were prepared on the day of assay. Briefly, a single tube of stock virus
was removed from frozen storage and mixed with a tripartite soil load (=1.7 x 10° TCIDs, per mL virus, 0.25%
bovine serum albumin, 0.35% tryptone, 0.08% mucin). The virus/tripartite soil load mixture (10 uL) was added
to 50 uL of prepared microbicide or to 50 pL of VCM to create the positive virus control. A similar preparation
was used to challenge the efficacy of the test microbicides. The virus/tripartite soil mixture was incubated with
the test microbicide at room temperature for contact times of 30 s, 1 min, 5 min, and 10 min. At the end of each
time point, the microbicides were neutralized, either by adding 940 pL of VCM (Fig. 1) or by adding 500 uL
VCM and filtering out the microbicides using a YM100 Amicon column (Fig. 2). All studies involving LASV-
GFP were conducted within a BSL-4 facility.

Mechanical neutralization using Amicon filter columns. For microbicides that could not be ade-
quately neutralized using VCM alone (AHP, PCMX, and dual QAC), a mechanical filtration procedure via Ami-
con YM100 columns (UFCS510096; EMD Millipore, Darmstadt, Germany) was used during virucidal efficacy
testing (Fig. 2). After the planned contact times, virus-microbicide suspensions were diluted with 500 pL of
VCM and immediately eluted through the columns. In accordance with the manufacturer’s procedures, the
columns were centrifuged for 3 min at 14,000 x g and the flow-through was discarded. To the retentate, 400 uL
of fresh VCM were then added to the filter cup, centrifuged for an additional 3 min at 14,000 x g, and the flow-
through was again discarded. To elute retained virus from the column, 500 L of fresh VCM were added to the
filter cup, incubated for 2 min, inverted into a fresh tube, and spun for 2 min at 1000 x g. The final eluted volumes
were brought to 1000 uL with VCM for evaluation. A single wash step was performed for the AHP and PCMX,
whereas four wash steps were needed for the dual QAC.

In either case (neutralization using VCM alone or VCM plus neutralization using Amicon columns), a 350-
uL portion of neutralized test solution was assayed for residual infectious virus titer using a ten-fold dilution
scheme in VCM, with 50 uL of each resulting dilution being added to 96-well plates of Vero cells (n=5 replicate
wells per dilution). The inoculated cell monolayers were scored 5 d post-infection for GFP, and virus titers (in
units of TCID,) were calculated according to the Reed-Muench method®.

Plate safety test. In addition to the 96-well plate TCIDs, assay described above, neutralized material also
was evaluated for low levels of infectious virus in a plate safety test. In this test, which is used when dealing with
especially lethal challenge viruses, 650 pL of remaining undiluted neutralized test sample (one sample for each
technical replicate) were added to Vero cells in wells of a six-well plate containing 4 mL of VCM. In addition,
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Figure 2. Schematic representation of the suspension inactivation efficacy testing methodology using VCM
(minimal essential medium + 2% fetal calf serum + 10 units per mL penicillin/streptomycin) and mechanical
neutralization using Amicon Spin Columns. The entire procedure was performed three times for each
microbicide evaluated, in three technical replicates each, as depicted.

an inoculum containing <5 TCIDs, units of LASV-GFP was used in each six-well plate to serve as a positive
control. All wells were scored 5 d post-infection for presence or absence of the fluorescence associated with GFP
(indicative of LASV-GFP-infected cells). The confirmed ability of this assay to detect very low concentrations
(<5 TCIDs, units) of the positive control virus indicates its sensitivity and provides confidence that a negative
result in the separate TCIDs, assay truly reflects the absence of residual infectious LASV-GFP in the neutralized
test samples.

Analysis of viral inactivation efficacy. For each disinfectant, three separate independent assays were
conducted with each time point having three technical replicates within each assay. TCIDj, titers for positive
virus controls and neutralized microbicide test conditions were determined using the method of Reed and
Muench®. The log,, reduction values achieved by the microbicides at given contact times were calculated by
subtracting the post-disinfection log,, TCIDs, values (titers) from the log,, TCID5, values obtained for the cor-
responding positive virus control. Statistical comparison of the mean (n=>5 replicates) viral titers obtained in
the neutralization effectiveness studies (Supplemental Fig. S1) was performed using a non-parametric unpaired
t-test, with statistical significance set at p <0.05.

Results

Neutralization effectiveness evaluation. The results from the determination of the effectiveness of the
neutralization procedures (chemical or mechanical) are provided in the Supplemental Materials. It was found
that 0.5% sodium hypochlorite and 67% ethanol could be adequately neutralized using VCM alone. VCM plus
mechanical neutralization using Amicon columns was required for dual QAC, AHP, and PCMX.

Virucidal efficacy of 0.5% sodium hypochlorite for LASV. Three replicate evaluations of the efficacy
0f0.5% (5000 ppm) sodium hypochlorite (NaOCI) (Table 1) for inactivating LASV-GFP virus in suspension were
conducted. Contact times of 0.5, 1, 5, and 10 min were evaluated at ambient temperature. A mean LASV-GFP
titer of 6.66 log,, TCID5, per mL (4.6 x 10° TCID,, per mL) was recovered for the positive control (no disinfect-
ant) (Fig. 3). The post-exposure/neutralization titer for the 0.5% sodium hypochlorite condition was 0.42 log,,
TCIDs, per mL after a 0.5-min (30-s) contact time, representing a 6.2 log,, reduction. After 1, 5, and 10 min of
contact with 0.5% sodium hypochlorite, complete inactivation (2 6.7 log,,) of LASV-GFP was observed (Fig. 3).

Further evidence of the complete inactivation of LASV-GFP following the 1-, 5-, and 10-min contact times
was obtained in the plate safety test (Table 2). In this assay (depicted schematically in Fig. 2), undiluted post-
exposure/neutralization mixture (650 puL per technical replicate onto one well per replicate) was added to six-well
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Figure 3. Efficacy of 0.5% sodium hypochlorite for inactivating Lassa virus in suspension. Error bars indicate
standard deviation of the mean for n=3 independent studies with 3 technical replicates each.

Assay 1 Assay 2 Assay 3
GFP (+/-) | GFP (+/-) | GFP (+/-) | GFP (+/-) | GFP (+/-) | GFP (+/-) | GFP (+/-) | GFP (+/-) | GFP (+/-)
10°Rep1 [10°Rep2 |[10°Rep3 |[10°Repl |[10°Rep2 |10°Rep3 |[10°Repl |10°Rep2 |[10°Rep3

0.5 min - - + - - - - - -

1 min - - - - - - - - -

5 min - - - - - - - - -

10 min - - - - - - - - -

Table 2. Safety plate test for inactivation of Lassa virus by 0.5% sodium hypochlorite in suspension. GFP,
green fluorescent protein; + , GFP detected; —, GFP not detected.

plates of Vero cells, which were passaged up to two times to determine residual infectious virus. One technical
replicate from one assay of the 0.5-min contact time displayed GFP in this assay. No evidence of residual infec-
tious virus was obtained from the technical replicates for the 1-, 5-, and 10-min contact times (Table 2).

Virucidal efficacy of 67% ethanol for LASV. Three replicate evaluations of the efficacy of 67% ethanol
(EtOH) (Table 1) for inactivating LASV-GFP virus in suspension were conducted. Contact times of 0.5, 1, 5, and
10 min were evaluated at ambient temperature. A mean LASV-GFP titer of 6.62 log,, TCID;, per mL (4.4 x 10°
TCIDs, per mL) was recovered for the positive control (no disinfectant) (Fig. 4). The post-exposure/neutraliza-
tion titers for the 67% ethanol condition were 0.42 log,, TCID5, per mL for the 0.5-min (30-s) contact time and
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Figure 4. Efficacy of 67% ethanol for inactivating Lassa virus in suspension. Error bars indicate standard
deviation of the mean for n=3 independent studies with 3 technical replicates each.
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0.42 log,, TCIDs, per mL for the 1-min contact time. These correspond to reductions of 6.2 log,,. After 5 and
10 min of contact with 67% ethanol, complete inactivation (= 6.6 log,,) of LASV-GFP was observed (Fig. 4).
Further evidence of the complete inactivation of LASV-GFP following the 5- and 10-min contact times was
obtained in the plate safety test. One technical replicate from one assay of the 0.5 min contact time and three
technical replicates from two assays of the 1-min contact time displayed GFP in this assay. No evidence of residual
infectious virus was obtained from the technical replicates for the 5- and 10-min contact times (Table 3).

Virucidal efficacy of a dual QAC formulation for LASV.  Three replicate evaluations of the efficacy of a
dual QAC formulation (Table 1) for inactivating LASV-GFP virus in suspension were conducted. Contact times
0f 0.5, 1, 5, and 10 min were evaluated at ambient temperature. A mean LASV-GFP titer of 8 log,, TCIDs, per
mL was recovered for the positive control (no disinfectant) (Fig. 5). The post-exposure/neutralization titers for
the dual QAC conditions were < 1.8 log,, TCID5, per mL (the defined limit of detection of the titration assay) for
all contact times (Fig. 5). The assay limit of detection was determined by residual cytotoxicity to the Vero cells of
the neutralization mixture following elution from the Amicon column. These results indicate a reduction in titer
of LASV of<6.2 log,, for each contact time.

In the case of the dual QAC formulation, the plate safety test was not able to be conducted, due to the residual
cytotoxicity of the undiluted post-exposure/neutralization samples to the Vero cells despite repeated mitigation
efforts using multiple filtrations via Amicon columns.

Virucidal efficacy of an AHP formulation for LASV. Three replicate evaluations of the efficacy of an
AHP formulation (Table 1) for inactivating LASV-GFP virus in suspension were conducted. Contact times of
0.5, 1, 5, and 10 min were evaluated at ambient temperature. A mean LASV-GFP titer of 7.3 log,, TCIDs, per
mL was recovered for the positive control (no disinfectant) (Fig. 6). The post-exposure/neutralization titer for
the AHP condition was 0.17 log,, TCIDs, per mL for the 0.5-min (30-s) contact time, representing a 7.1 log,,
reduction. After 1, 5, and 10 min of contact with AHP, complete inactivation (>7.3 log,,) of LASV-GFP was
observed (Fig. 6).

Further evidence of the complete inactivation of LASV-GFP following the 1-, 5-, and 10-min contact times for
AHP was obtained in the plate safety test. Two technical replicates from one assay of the 0.5-min (30-s) contact

Assay 1 Assay 2 Assay 3
GFP (+/-) | GFP (+/-) | GFP (+/-) | GFP (+/-) | GFP (+/-) | GFP (+/-) | GFP (+/-) | GFP (+/-) | GFP (+/-)
10°Repl |10°Rep2 |10°Rep3 |[10°Repl |10°Rep2 |[10°Rep3 |10°Repl |10°Rep2 |10°Rep3

0.5 min - - - - - - - - +

1 min + - - - - - + + -

5 min - - - - - - - - -

10 min - - - - - - - - -

Table 3. Plate safety test for inactivation of Lassa virus by 67% ethanol in suspension. GFP, green fluorescent
protein. GFP, green fluorescent protein; +, GFP detected; —, GFP not detected.
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Figure 5. Efficacy of a 2% dual quaternary ammonium compound (QAC) formulation for inactivating Lassa
virus in suspension. The limit of detection of the titration assay (1.8 x 10! TCIDs, per mL) is indicated by the
solid blue horizontal line. Error bars indicate standard deviation of the mean for n=3 independent studies with
3 technical replicates each.
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Figure 6. Efficacy of an accelerated hydrogen peroxide formulation (AHP; 1:40 dilution) for inactivating Lassa
virus in suspension. Error bars indicate standard deviation of the mean for n=3 independent studies with 3
technical replicates each.

Assay 1 Assay 2 Assay 3
GFP (+/-) | GFP (+/-) | GFP (+/-) | GFP (+/-) | GFP (+/-) | GFP (+/-) | GFP (+/-) | GFP (+/-) | GFP (+/-)
10°Repl | 10°Rep2 |10°Rep3 |10°Repl |10°Rep2 |10°Rep3 |10°Repl |10°Rep2 |10°Rep3

0.5 min - + + - - - - - -

1 min - - - - - - - - -

5 Minutes - - - - - - - - -

10 Minutes - - - - - - - - .

Table 4. Plate safety test for inactivation of Lassa virus by an accelerated hydrogen peroxide formulation
(AHP; 1:40 dilution) in suspension. GFP, green fluorescent protein; +, GFP detected; —GFP not detected.

time displayed GFP in this assay. No evidence of residual infectious virus was obtained from the technical rep-
licates for the 1-, 5-, 10-min contact times (Table 4).

Virucidal efficacy of a PCMX formulation for LASV.  Three replicate evaluations of the efficacy of three
in-test concentrations (0.04, 0.06, and 0.12%) of PCMX in a commercial formulation (Table 1) for inactivating
LASV-GFP virus in suspension were conducted. Contact times of 0.5, 1, 5, and 10 min were evaluated at ambient
temperature. Mean LASV-GFP titers of 7.8 log,, TCIDs, per mL, 7.3 log,, TCIDs, per mL, and 7.3 log,, TCID5,
per mL were recovered for the positive control (no disinfectant) conditions for the assay of the 0.12, 0.06, and
0.04% in-test concentrations of PCMX, respectively (Fig. 7).

PCMX concentration-dependent inactivation of LASV-GFP was observed at the various contact times. For
instance, the post-exposure/neutralization titers for the 0.12, 0.06, and 0.04% PCMX conditions were 0.9 log,,
TCIDg, per mL, 2.3 log,, TCIDs, per mL, and 3.2 log,, TCIDy, per mL, respectively, after 0.5-min (30-s) contact
time, representing log,, reductions of 6.9, 5.0, and 4.1 log,,, respectively. Following a 1-min contact time, the
0.12% PCMX condition had no viable virus remaining post-exposure/neutralization, whereas for the 0.06 and
0.04% PCMX conditions 1.0 and 2.4 log,, TCIDs, per mL, respectively, were recovered representing log,, reduc-
tions of 6.3 and 4.9 log,,, respectively. Following a 5-min contact time, the post-exposure/neutralization titers
for the 0.06 and 0.04% PCMX conditions were 0.97 and 0.94 log,, TCID;, per mL, respectively, representing
log,, reductions of 6.3 and 6.4 log,,, respectively. Complete inactivation (> 7.8 log,,) of LASV-GFP was afforded
by 0.12% PCMX at contact times of 1, 5, and 10 min. For the 0.06 and 0.04% PCMX concentrations, complete
inactivation (=7.3 log,,) of LASV-GFP was observed at the 10-min contact time (Fig. 7).

Further evidence of the complete inactivation of LASV-GFP following the 1-, 5-, and 10-min contact times
for 0.12% PCMX, and following the 10-min contact times for 0.06 and 0.04% PCMX, was obtained in the plate
safety tests (Tables 5, 6, 7). One technical replicate from one assay of the 0.5-min contact time displayed GFP in
the plate safety test for 0.12% PCMX, whereas no evidence of residual infectious virus was obtained from the
technical replicates for the 1-, 5-, and 10-min contact times (Table 5).

As expected on the basis of the titration assay results, multiple replicates for one or more individual assays for
the 0.06 and 0.04% PCMX concentrations demonstrated GFP following the 0.5-, 1-, and 5-min contact times,
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Figure 7. Efficacy of p-chloro-m-xylenol (PCMX) at test concentrations of 0.04, 0.06, and 0.12% for
inactivating Lassa virus in suspension. Error bars indicate standard deviation of the mean for n =3 independent
studies with 3 technical replicates each.

0.5min | - - - - - - - - +

1 min - - - - - - - - -

5 min - - - - - - - - -

10 min - - - - - - - - -

Table 5. Plate safety test for inactivation of Lassa virus by 0.12% p-chloro-m-xylenol (PCMX) in suspension.
GFP, green fluorescent protein; +, GFP detected; —, GFP not detected.

0.5 min + + + + - + + + +
1 min - - - - - - + + +
5 min - - - + - - - -
10 min - - - - - - - - -

Table 6. Plate safety test for inactivation of Lassa virus by 0.06% p-chloro-m-xylenol (PCMX) in suspension.
GFP, green fluorescent protein; +, GFP detected; —, GFP not detected.

0.5 min + + + + + + + + +
1 min - + + + + + + + +
5 min + + - - - - - - -
10 min - - - - - - - - -

Table 7. Plate safety test for inactivation of Lassa virus by 0.04% p-chloro-m-xylenol (PCMX) in suspension.
GFP, green fluorescent protein; +, GFP detected; —, GFP not detected.
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confirming the presence of residual infectious virus in these replicates. No evidence of residual infectious virus
was obtained from the technical replicates for the 10-min contact times for the 0.06 and 0.04% PCMX exposures
(Tables 6 and 7).

Discussion

Per WHO?, Lassa fever is endemic in a number of Western African countries, including Benin, Ghana, Guinea,
Liberia, Mali, Sierra Leone, and Nigeria. Cases have been reported as recently as March 2023 in Ghana’. Natal
mastomys rats (murid Mastomys natalensis) are the primary reservoirs of the causal virus, LASV. Transmission
to humans occurs primarily through contact with urine or feces of infected mastomys, but human-to-human
transmission via direct contact with blood or bodily fluids may also occur, especially in hospital settings’. These
considerations suggest that inanimate surface hygiene and liquid inactivation methods for LASV might limit
dissemination of the virus to humans.

Partly because maximum containment is needed for conduct of inactivation studies on LASV, there is little
published information on the efficacy of microbicides for inactivation of this arenavirus. A recent review of
the available primary data on efficacy of microbicides against LASV? revealed that the limited published data
pertained to the inactivation of laboratory specimens intended for diagnostic or histology applications'®-'. The
paucity of virucidal data of microbicides against LASV is also emphasized in a recent review of inactivation of
emerging viruses in aqueous phase'®. Our study was intended to resolve this knowledge gap, supplying efficacy
information for commonly used microbicidal actives and formulations applicable to inactivation of LASV in
liquid suspension.

The United States Environmental Protection Agency (US EPA) recognizes that microbicidal efficacy data may
not be available for newly emerging viruses, especially those requiring BSL-4 laboratories for handling the viruses
safely. The EPA, therefore, enacted a policy in 2016 enabling efficacy claims against emerging viruses to be made
without having provided registration data specifically for those viruses. In its Guidance to Registrants'¢, the EPA
has made note of the hierarchy of pathogen susceptibility to microbicides'’-*! in recognizing that efficacy against
one enveloped virus implies efficacy against other enveloped viruses. The EPA policy provides a “process that
can be used to identify effective disinfectant products for use against emerging viral pathogens and to permit
registrants to make limited claims of their product’s efficacy against such pathogens.”!®. The guidance outlines
“a voluntary two stage process, involving product label amendments and modified terms of registration and
applies only to emerging viruses”'®.

The EPA policy provides inanimate surface hygiene and liquid inactivation alternatives, helpful for use dur-
ing virus disease outbreaks. Despite this, obtaining empirical data for specific emerging viruses is required for
assurance of efficacy against the more lethal viruses. On the basis of information® derived from testing enveloped
viruses (such as, Ebola virus and SARS-CoV-2), lipid-disrupting agents—including ethanol, quaternary ammo-
nium compounds (such as the dual QAC compound evaluated), and phenolics (such as PCMX)—were expected
to be effective against other enveloped viruses, such as LASV. Certain microbicidal actives and formulations were
considered mechanistically to be protein-denaturing agents (ethanol, PCMX, AHP, and sodium hypochlorite) or
genome-degrading agents (ethanol, AHP, and sodium hypochlorite). In fact, our study found that these agents
caused rapid (i.e., within 30 s contact time) and highly effective (=6 log,,) inactivation of LASV-GFP when
tested in suspension in a tripartite soil load with hard water as diluent to simulate field use of dilutable products,
including PCMX and sodium hypochlorite (Table 1).

The standardized ASTM E-1052-20 methodology is based on demonstrating a reduction in infectious virus
titer after exposure to a test microbicide. These data are then available for making EPA disinfectant efficacy claims.
For instance, the EPA stated the following in its 2012 disinfectant product guidance?* that “The product should
demonstrate complete inactivation of the virus at all dilutions. If cytotoxicity is present, the virus control titer
should be increased to demonstrate a >3 log,, reduction in viral titer beyond the cytotoxic level.” For disinfectants
that are non-cytotoxic to the cellular infectivity assays used for demonstrating efficacy, a 4-log,, reduction in viral
titer is typically considered to be effective. However, as we have previously done when dealing with especially
lethal viruses, such as Ebola virus*>*, we extended the stringency of the assay for detecting residual infectious
virus post-exposure to the microbicides by conducting the plate safety test. The latter enabled any infectious
virus remaining post-exposure/neutralization to amplify in Vero cells in a six-well plate format, with up to two
passages onto fresh cells performed for negative wells. This additional test was used to confirm that conditions
scored negative in the TCIDs, titration assay were, in fact, free of infectious virus.

In a recently published preprint®, Shaffer et al. have reported on the persistence of LASV Josiah and Sauer-
wald isolates on hard surfaces and in water. Approximately 1.9 log,, reduction in titer per day was observed on
high-density polyethylene (HDPE) and stainless steel surfaces for the Josiah isolate, and approximately 1.2 log,,
per day on these surfaces for the Sauerwald isolate. These data indicate that surface contamination with infectious
LASYV could persist for days, depending on the initial titer of the deposited virus. Decay rates for the two isolates
in deionized water (0.1 to 0.15 log,, per day) and wastewater (0.6 to 0.8 log,, per day) were observed®. Inactiva-
tion of the two LASV isolates by sodium hypochlorite (1, 5, or 10 mg/L [ppm]) was concentration dependent,
with the Sauerwald isolate displaying greater susceptibility to inactivation, with no reasons for this difference
being offered in the paper®. Greater than 4 log,, inactivation of LASV occurred within 5 min contact time with
1 to 10 mg/L [ppm] sodium hypochlorite for each isolate?. These sodium hypochlorite concentrations are quite
low, compared to the concentration used in our study (0.5% [5000 ppm]), and to concentrations proposed previ-
ously for use against LASV (0.5-1%)%.

In conclusion, we have provided empirical evidence of the virucidal efficacy of commonly employed micro-
bicidal actives (ethanol and sodium hypochlorite) and formulations of microbicidal actives (AHP, PCMX, and
dual QAC) for LASV. Each of these, at the appropriate concentration and contact time, was capable of reducing
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the titer of infectious virus by > 6 log,,, even in the presence of a tripartite organic load”?. In future studies, we
plan to explore the more stringent virucidal efficacy of a similar set of microbicidal actives and formulations
against LASV in carrier-inactivation studies of the virus dried on a hard surface and performed in accordance
with ASTM-E2197-117.

Data availability

Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-023-38954-5. Additional
datasets used and/or analyzed during the current study are available from the corresponding author on reason-
able request.

Received: 17 April 2023; Accepted: 18 July 2023
Published online: 10 August 2023

References

1. World Health Organization. R&D Blueprint list of priority diseases. (2018). http://www.who.int/blueprint/priority-diseases/en/.

2. Radoshitzky, S. R. et al. ICTV virus taxonomy profile: Arenaviridae. ] Gen Virol 100(8), 1200-1201. https://doi.org/10.1099/jgv.0.
001280 (2019).

3. Jjaz, M. K., Nims, R. W,, Cutts, T. A., McKinney, J. & Gerba, C. P. Predicted and measured virucidal efficacies of microbicides for
emerging and reemerging viruses associated with WHO priority diseases. In Disinfection of Viruses (eds Nims, R. W. & Khalid
Tjaz, M.) (Intech Open, London, 2022).

4. Cai, Y. et al. Recombinant Lassa virus expressing green fluorescent protein as a tool for high-throughput drug screens and neutral-
izing antibody assays. Viruses 10(11), 655. https://doi.org/10.3390/v10110655 (2018).

5. ASTM International. ASTM E1052-20. Standard Test Method to Assess the Activity of Microbicides against Viruses in Suspension.
(2020). https://webstore.ansi.org/standards/astm/astme105220?gclid=EAIalIQobChMI7q797q3__AIVcS2tBh3glwi7EAAYAIAAEg
LaaPD_BwE.

6. ASTM International. ASTM E1052-11. Standard Test Method to Assess the Activity of Microbicides against Viruses in Suspension
(2011). https://webstore.ansi.org/standards/astm/astme105211?gclid=EATalQobChMIKkMDEza___ AIVYxqtBh3NXgtpEAAYA
iAAEgIGr_D_BwE.

7. ASTM International. ASTM E2197-11. Standard Quantitative Disk Carrier Test Method for Determining the Bactericidal, Virucidal,
Fungicidal, Mycobactericidal and Sporicidal Activities of Liquid Chemical Germicides (2011). https://webstore.ansi.org/standards/
astm/astme219711.

8. Reed, L.J. & Muench, H. A simple method of estimating fifty percent endpoints. Am. J. Hyg. 27, 493-497 (1938).

9. ProMED. International Society for Infectious Diseases. Lassa Fever — West Africa — Ghana. (2023) http://outbreaknewstoday.com/
ghana-reports-12-additional-lassa-fever-cases-63186/.

10. Olschewski, S. et al. Validation of inactivation methods for arenaviruses. Viruses 13, 968. https://doi.org/10.3390/v13060968 (2021).

11. Lloyd, G., Bowen, E. T. W. & Slade, J. H. R. Physical and chemical methods of inactivating Lassa virus. Lancet 319(8280), P1046-
1048 (1982).

12. Mitchell, S. W. & McCormick, J. B. Physicochemical inactivation of Lassa, Ebola, and Marburg viruses and effect on clinical labora-
tory analysis. J. Clin. Microbiol. 20(3), 486-489 (1984).

13. Kochel, T.J., Kocher, G. A., Ksiazek, T. G. & Burans, J. P. Evaluation of TRIzol LS inactivation of viruses. ABSA Int. 22(2), 52-55
(2017).

14. Retterer, C. et al. Strategies for validation of inactivation of viruses with Trizol® LS and formalin solutions. ABSA Int. 25(2), 74-82
(2020).

15. Hossain, E. Sources, enumerations, and inactivation mechanisms of four emerging viruses in aqueous phase. J. Water Health 20(2),
396. https://doi.org/10.2166/wh.2022.263 (2022).

16. US Environmental Protection Agency. Guidance to registrants: Process for making claims against emerging viral pathogens not
on EPA-registered disinfectant labels. (2016). https://www.epa.gov/sites/production/files/2016-09/documents/emerging_viral
pathogen_program_guidance_final_8_19_16_001_0.pdf.

17. Spaulding, E. H. Chemical disinfection of medical and surgical materials. In Disinfection, Sterilization, & Preservation 3rd edn
(ed. Block, S.) (Lea & Febiger, 1968).

18. Klein, M. & Deforest, A. Principles of viral inactivation. In Disinfection, Sterilization, & Preservation 3rd edn (ed. Block, S.) (Lea
& Febiger, 1968).

19. Sattar, S. A. Hierarchy of susceptibility of viruses to environmental surface disinfectants: A predictor of activity against new and
emerging viral pathogens. J AOAC Int. 90(6), 1655-1658 (2007).

20. Jjaz, M. K. & Rubino, J. R. Should test methods for disinfectants use vertebrate virus dried on carriers to advance virucidal claims?.
Infect. Control Hosp. Epidemiol. 29(2), 192-194 (2008).

21. Jjaz, M. K,, Sattar, S. A., Rubino, J. R., Nims, R. W. & Gerba, C. P. Combating SARS-CoV-2: Leveraging microbicidal experiences
with other emerging/re-emerging viruses. Peer] 8, €9914. https://doi.org/10.7717/peerj.9914 (2020).

22. US Environmental Protection Agency. Product Performance Test Guidelines OCSPP 810.2200: Disinfectants for Use on Hard
Surfaces - Efficacy Data Recommendations. (2012). https://www.regulations.gov/document?D=EPA-HQ-OPPT-2009-0150-0021.

23. Cutts, T. A, ljaz, M. K., Nims, R. W, Rubino, J. R. & Theriault, S. S. Effectiveness of dettol antiseptic liquid for inactivation of Ebola
virus in suspension. Sci. Rep. 9, 6590. https://doi.org/10.1038/s41598-019-42386-5 (2019).

24. Cutts, T. A. et al. Efficacy of microbicides for inactivation of Ebola-Makona virus on a non-porous surface — A targeted hygiene
intervention for reducing virus spread. Sci. Rep. 10, 15247. https://doi.org/10.1038/s41598-020-71736-x (2020).

25. Shaffer, M. et al. Environmental persistence and disinfection of Lassa virus. bioRxiv https://doi.org/10.1101/2023.05.17.541161
(2023).

26. Killoran, K. E., Larson, K. L. Lassa virus. Iowa State University. 2016; https://www.swinehealth.org/wp-content/uploads/2016/08/
Lassa_Virus.pdf.

27. Sattar, S. A., Springthorpe, V. S., Adegbunrin, O., Zafer, A. A. & Busa, M. A disc-based quantitative carrier test method to assess
the virucidal activity of chemical germicides. J. Virol. Meth. 112(1-2), 3-12 (2003).

Acknowledgements

The authors thank Kelly Anderson of Public Health Agency of Canada and Mark Ripley and Chris Jones of
Reckitt Benckiser LLC for critical review of the manuscript and approval for publication. The authors thank
Anya Crane (National Institutes of Health [NTH] National Institute of Allergy and Infectious Diseases [NIAID]
Division of Clinical Research [DCR] Integrated Research Facility at Fort Detrick [IRF-Frederick]) for critically
editing the manuscript.

Scientific Reports|  (2023) 13:12983 | https://doi.org/10.1038/s41598-023-38954-5 nature portfolio


https://doi.org/10.1038/s41598-023-38954-5
http://www.who.int/blueprint/priority-diseases/en/
https://doi.org/10.1099/jgv.0.001280
https://doi.org/10.1099/jgv.0.001280
https://doi.org/10.3390/v10110655
https://webstore.ansi.org/standards/astm/astme105220?gclid=EAIaIQobChMI7q797q3__AIVcS2tBh3glwi7EAAYAiAAEgLaaPD_BwE
https://webstore.ansi.org/standards/astm/astme105220?gclid=EAIaIQobChMI7q797q3__AIVcS2tBh3glwi7EAAYAiAAEgLaaPD_BwE
https://webstore.ansi.org/standards/astm/astme105211?gclid=EAIaIQobChMIkMDEza___AIVYxqtBh3NXgtpEAAYAiAAEgIGr_D_BwE
https://webstore.ansi.org/standards/astm/astme105211?gclid=EAIaIQobChMIkMDEza___AIVYxqtBh3NXgtpEAAYAiAAEgIGr_D_BwE
https://webstore.ansi.org/standards/astm/astme219711
https://webstore.ansi.org/standards/astm/astme219711
http://outbreaknewstoday.com/ghana-reports-12-additional-lassa-fever-cases-63186/
http://outbreaknewstoday.com/ghana-reports-12-additional-lassa-fever-cases-63186/
https://doi.org/10.3390/v13060968
https://doi.org/10.2166/wh.2022.263
https://www.epa.gov/sites/production/files/2016-09/documents/emerging_viral_pathogen_program_guidance_final_8_19_16_001_0.pdf
https://www.epa.gov/sites/production/files/2016-09/documents/emerging_viral_pathogen_program_guidance_final_8_19_16_001_0.pdf
https://doi.org/10.7717/peerj.9914
https://www.regulations.gov/document?D=EPA-HQ-OPPT-2009-0150-0021
https://doi.org/10.1038/s41598-019-42386-5
https://doi.org/10.1038/s41598-020-71736-x
https://doi.org/10.1101/2023.05.17.541161
https://www.swinehealth.org/wp-content/uploads/2016/08/Lassa_Virus.pdf
https://www.swinehealth.org/wp-content/uploads/2016/08/Lassa_Virus.pdf

www.nature.com/scientificreports/

Author contributions

T.A.C,, JR.R,, and M.K.I. designed and approved the project and experimental design; T.A.C. performed the
experiments in the BSL-4 facility and aided in assembling the experimental data; T.A.C., RW.N,, JR.R., ] M.,
J.H.K., and M.K.I. contributed to data analysis and interpretation, preparation of the figures, and to authorship
of the manuscript.

Fundin

The Publigc Health Agency of Canada, Applied Biosafety Research Program, provided partial funding and test
products for the project. The following statement applies specifically to the engineering of the LASV to express
GFP. No NIH funding was received for the microbicide efficacy studies described in this paper. This work
was supported in part through the Laulima Government Solutions, LLC, prime contract with the National
Institutes of Health (NIH) National Institute of Allergy and Infectious Diseases (NIAID), under Contract No.
HHSN272201800013C. J.H.K. performed this work as an employee of Tunnell Government Services (TGS), a
subcontractor of Laulima Government Solutions, LLC, under Contract No. HHSN272201800013C. The views
and conclusions contained in this document are those of the authors and should not be interpreted as necessar-
ily representing the official policies, either expressed or implied, of the U.S. Department of Health and Human
Services or of the institutions and companies affiliated with the authors, nor does mention of trade names, com-
mercial products, or organizations imply endorsement by the U.S. Government.

Competing interests
R.W. Nims received a fee from Reckitt Benckiser for authoring and editing the manuscript. The other authors
declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-38954-5.

Correspondence and requests for materials should be addressed to M.K.1.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:12983 | https://doi.org/10.1038/541598-023-38954-5 nature portfolio


https://doi.org/10.1038/s41598-023-38954-5
https://doi.org/10.1038/s41598-023-38954-5
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Efficacy of microbicidal actives and formulations for inactivation of Lassa virus in suspension
	Methods
	Cell line, virus, and culture medium. 
	Stock virus preparation. 
	Microbicides. 
	Assessment of microbicide neutralization by chemical reagents and Amicon columns. 
	Microbicide virucidal efficacy testing. 
	Mechanical neutralization using Amicon filter columns. 
	Plate safety test. 
	Analysis of viral inactivation efficacy. 

	Results
	Neutralization effectiveness evaluation. 
	Virucidal efficacy of 0.5% sodium hypochlorite for LASV. 
	Virucidal efficacy of 67% ethanol for LASV. 
	Virucidal efficacy of a dual QAC formulation for LASV. 
	Virucidal efficacy of an AHP formulation for LASV. 
	Virucidal efficacy of a PCMX formulation for LASV. 

	Discussion
	References
	Acknowledgements


